A RNA-dependent RNA-nucleotidyl transferase (RNA-polymerase) has been demonstrated in chick fibroblasts infected with fowl plague virus. This enzyme was not found in uninfected ceils. It needed MgZ+-ions and all four nucleoside triphosphates for its activity. Pretreatment with RNase or addition of RNase prevented the incorporation of [3H]GTP into acid insoluble material. DNase had no effect. The enzyme's activity was only slightly inhibited by actinomycin or proflavine. The incorporation of pH]GTP could be stimulated by RNA isolated from rat liver microsomes. It was strongly inhibited by small doses of polyvinyl sulphate or dextran sulphate, and by larger amounts of DNA and protamine sulphate. The enzyme was found in the microsomal and--at a lower activity--in the nuclear fraction of infected cells. In vivo enzymic activity could not be detected until I hr after infection; it then increased steadily with increasing time. The rate of synthesis, however, resembled that of viral RNA synthesis. The appearance of the enzyme could be inhibited by actinomycin, actidione, or p-fluorophenylalanine. If actinomycin was added 2 hr after infection to the cells, viral RNA synthesis ceased completely at 6 hr after infection, in spite of the fact that large amounts of RNA polymerase could be then detected after homogenization.
INTRODUCTION
RNA-dependent RNA-nucleotidyl transferase (RNA polymerase) appears in animal cells after infection with small RNA-containing viruses (Baltimore & Franklin, I963; Baltimore et al. 1963; Martin & Sonnabend, I967; Polatnick & Arlinghaus, 1967) . Wilson & Bader (I965) found a similar enzyme in chick fibroblast cells infected with vesicular stomatitis virus. Investigations of polymerase activity in influenza virus infected cells have yielded contradictory results. Glasky & Holper (I964) found a RNA polymerase after infection with a type B influenza virus. This enzyme was sensitive in vitro to actinomycin. In uninfected cells it was present in relatively large amounts. Ho & Waiters (I966) demonstrated a RNA-dependent RNA polymerase in the microsomal fraction of chorioallantoic membranes infected by a type A influenza virus. This enzyme was not inhibited in vitro by actinomycin; nor could it be demonstrated in uninfected ceils. The data are difficult to evaluate, however, since neither enzyme kinetics nor investigations of the distribution of the enzyme within the various cell fractions were presented. Borland & Mahy (I968) could not find such an enzyme in chick fibroblast cells infected with another influenza A virus (fowl plague virus).
The virus strain, the biological tests, and the tissue culture procedures used were described earlier (Scholtissek & Rott, I964a; Scholtissek, Becht & Drzeniek, 1967) . The RNA synthesis in vivo was determined by the incorporation of [3H]guanosine into RNA (Scholtissek, 1967) .
Cellfractionation. The cells were washed twice with ice-cold minimal buffer (MB) which contained o.oi M-tris, PH7"4; o.oi M-KCL; o'oo15 M-MgCI~, and o.ooi M-2-mercaptoethanol. The drained cells were scraped off the glass and were then homogenized in a tight-fitting Dounce homogenizer--immersed in an ice-bath--until significant amounts of unbroken cells were no longer detected by phase contrast microscopy (between 2o and 3o strokes). The nuclei and the cell debris were removed by centrifugation at about 2ooog for IO min. A mitochondrial fraction was obtained by centrifugation at IO,OOOg for IO min. The supernatant fluid was further centrifuged for I hr at IOO,OOOg in order to obtain a microsomal fraction. The final supernatant was considered to represent the cell sap. It should be pointed out that the cell fractions described here cannot be compared directly with those obtained in isotonic sucrose solutions. The nuclei were washed at least once with IO ml. MB, all other pellets were rinsed with MB. The cells (about lO 7) from one tissue culture yielded in the average o'5 ml. homogenate containing about 1.8 mg. protein.
RNA polymerase test. The standard incubation mixture contained in o'9 ml. : 2. 5 #mole creatine phosphate; 5/zg. creatine phosphokinase (ATP: creatine phosphotransferase, EC 2.7.3.2); I#mole each of ATP, UTP, and CTP; 3.6/zmole MgC12; 4"5#mole 2-mercaptoethanol; 3o/zmole tris buffer, pH 8.o and 2.5/zc of [SH]GTP. The relatively high amounts of non-labelled triphosphates have been added in order to avoid possible complications by internal phosphatases. Further additions or omissions are indicated in the figures and tables. After addition of o'4 ml. cell extract the mixture (o. 9 ml.) was incubated at 37 ° for IO min., unless otherwise indicated. The reaction was stopped by chilling the samples in an ice-bath. One ml. of cold o.I M-Na4P~O2, pH 5, was added and mixed. The RNA and protein was precipitated by 2 nil. of 12% (v/v) trichloracetic acid (TCA) in o-I M-Na4P~O~. The precipitate was washed twice with each IO ml. of 6% (v/v) TCA in o.I M-Na4PzOT, once with 6% TCA, once with ethanol, and once with ether. The dried residues were dissolved in I ml. of 0.2 M-NaOH, kept at 37 ° for I hr, and then transferred to the counting vessels. The centrifuge tubes were washed once with I ml. of water, which was also transferred to the counting vessels. After adding IO ml. of Bray scintillator (4"0 g. diphenyloxazole, 0.2 g. 1,4-bis-2(4-methyl-5' phenyl-oxazolyl)benzene, 60 g. naphthalene,
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Ribonucleic acid nucleotidyl transferase I27 ioo ml. methanol, 20 ml. ethylene glycol/l, of dioxane) the samples were counted. The counting efficiency was about I2%. All data on radioactivity are expressed in absolute counts/min, after a correction for quenching. Protein was determined according to Lowry et al. 0950 . DNA of high molecular weight from calf thymus, RNase (5 x crystallized) and DNase (RNase-free) was bought from Sigma, St Louis, Missouri, U.S.A. The DNA was heated for Io min. at IOO ° and rapidly chilled in an ice-bath to obtain the DNA in a single-stranded form. RNA was prepared from rat liver microsomes or cell homogenate by phenol extractions at room temperature (Scherrer & Darnell, I962) . Virus RNA was extracted from a virus concentrate (haemagglutination units = I3o,ooo) after pretreatment with pronase (2 mg.[ml., I hr at 37 °) with phenol in the presence of o.oi M-EDTA (Huppert et al. I966) . The enzyme solution was preincubated for 30 min. at 37 ° in order to destroy internal RNase. The RNA had a E~6o/ E~s0-ratio of 2"0.
Actidione 
RESULTS

Requirements for the activity of the RNA-dependent RNA polymerase
There was an absolute requirement for Mg~+-ions. On the basis of the data in Table I we had chosen a concentration of 4 m-mole Mg ~+ in all experiments.
There was an absolute requirement for all four triphosphates only if the microsomal fraction (+ mitochondria) was used as the source of the enzyme. The cytoplasmic fraction (homogenate minus nuclei) probably contained some triphosphates. The incorporation of [SH]GTP was therefore reduced only by a factor of 3, when the external supply of triphosphates was omitted (Table I ). In the presence of RNase no [3H]GTP was incorporated, while DNase had no effect (Table x) .
Presence of the enzyme in various cell fractions
Most of the enzymic activity (up to 75%) resided in the microsomal fraction of the infected cell. The cell sap was free of enzymic activity, even after addition of RNA isolated from fowl plague virus or of unrelated RNA. As will be shown later, external RNA had a stimulating effect on the enzyme's activity. A low activity was found in the mitochondrial fraction (up to 5%). The relatively high activity found in nuclei (up to 20%) could not be removed by extensive washing.
lnhibitors and enhancers of enzyme activity
Actinomycin had only a slight effect on the enzyme in vitro (Table I) , which is in agreement with the findings of Ho & Waiters 0966). Proflavine, which interferes in vivo with cellular RNA and protein synthesis (Scholtissek & Rott, I964b) , but only slightly with the formation of Newcastle disease virus RNA (Stakhanova & Schol-On: Sat, 03 Aug 2019 13:34:00
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C. SCHOLTISSEK AND R. ROTT tissek, I967), also had only a slight effect on the RNA-dependent RNA polymerase of fowl plague virus in vitro (Table I ).
Fowl plague virus as well as unrelated RNA enhanced the incorporation of [SH]GTP to a certain degree. Large doses, however, had an inhibitory effect (Fig. I ). Single-stranded DNA inhibited the enzyme activity. Very small doses of dextran sulphate ( Fig. I ) interfered with enzyme activity. Polyvinyl sulphate had the same The standard incubation mixture as described in' Methods' was used. In Expts I, 2, 3 and 5 the cells were harvested 3 hr after infection, in Expt 4 the cells were harvested 5 hr after infection. In Expt 4 the incubation time in vivo was I5 min., in all other experiments IO min. If not otherwise stated, incubation was at 37 °. Investigating the cytoplasmic fraction each sample contained 0"5 mg. protein; the microsomes plus mitochondria samples contained *Incubation at 0% 0"25 mg. protein.
effect. These compounds have no effect on the enzyme induced by foot-and-mouth disease (Arlinghaus & Polatnick, 1967) and Newcastle disease viruses (Scholtissek & Rott, in preparation) . The DNA-dependent RNA-synthesis of the host ceil could not be inhibited by dextran sulphate, which is commonly used as RNase-inhibitor. Protamine sulphate, a polycation, had some inhibitory action on the viral enzyme at concentrations > Io/zg./ml. Addition of o.I M-KCI or NaC1 stimulated enzyme activity up to 80 %. Since unrelated RNA stimulated the activity of the enzyme, experiments were made to decide whether this RNA functioned as an external template or competed with an internal RNase. The cytoplasmic fraction of infected cells was incubated with concentrations of pancreatic RNase from o'oooo3 to o'3/zg./ml, for 5 min. at 37 °. Thereafter the mitochondria and microsomes were sedimented and washed twice with MB. These preparations, which had lost up to 9o% of their polymerizing activity, were used for the enzyme test. Neither fowl plague nor rat liver RNA could function as a template after the internal RNA had been degraded by RNase. Virtually the same results were obtained when cytoplasm of infected cells was pre-incubated for different times at 37 ° without external RNase and then used for the enzyme test. #g./ml. 
Enzyme kinetics
With the cytoplasmic fraction of infected cells the incorporation of [3H]GTP proceeded linearly with time for about Io min. This was independent of the time of harvest after infection. Using the combined fractions containing mitochondria and microsomes, the linear phase lasted for about 20 rain. (Fig. 2) . Addition of unrelated RNA prolonged the incorporation. There was very little incorporation of [aH]GTP into acid insoluble material using the cytoplasmic fraction of uninfected cells (Fig. 3 , time 0 hr after infection). Moreover, 50 % of this incorporation was due to unspecific adsorption of [aH]GTP, which occurred even at 0 °. Reduction of the amount of cell extract by a factor of 2 also reduced the incorporation of [aH]GTP by a factor of 2 (Table 2) . If the extract from infected cells was supplemented by extract from uninfected cells, some reduction in enzymic activity was found, suggesting that in uninfected cells an inhibitor may be present, possibly a RNase. 
Synthesis of the induced RNA polymerase in vivo
After the optimal assay conditions for the RNA-polymerase had been established, its appearance within the infected cell was studied. The enzyme was not detectable in the cytoplasm in significant amounts up to I hr after infection (Fig. 3) . Beginning 2 hr after infection the enzyme's activity increased steadily during the entire infectious cycle. The rate of appearance of the enzyme (Fig. 4) Fig. ] ). © = cytoplasm, prepared z hr after infection; A = mitochondria+ microsomes, prepared 2 hr after infection; • = cytoplasm, prepared 5 hr after infection; • = mitochondria+ microsomes, prepared 5 hr after infection.
The appearance of the enzyme in the nuclear fraction was measured in two different ways. First, in one experiment the nuclear fractions were incubated either with 20 Fg./ml. of actinomycin in order to suppress the DNA-dependent RNA synthesis, IP: 54.70.40.11
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or with 20/zg./ml. of actinomycin plus Io #g./ml. dextran sulphate in order to suppress both enzyme activities to obtain values for background incorporation. They were subtracted from the values obtained with nuclei treated only with actinomycin. The appearance of the RNA-dependent RNA polymerase in the nuclear fraction as measured by this method is demonstrated in Fig. 3 -Although the activity in the nuclear fraction did not exceed 20% of the total activity it is of interest to note that 2 hr after infection the activity in the nuclear fraction was relatively high. Secondly, since 
2~
<1 1 Fig. 3 -Appearance of RNA polymerase after infection in the cytoplasmic and nuclear fraction. Cytoplasm and nuclear fractions were prepared from ceils harvested at different times after infection. For each point 5 cultures were sampled. The incubation was carried out at 37 ° for 2o rain. in the presence of 30 #g./ml. rat liver RNA. The cytoplasmic samples contained 0.8 nag. protein each, the nuclear samples contained o'52 mg. protein each.
• = cytoplasm; © = incorporation of [3H]GTP into RNA using the nuclear fraction in the presence of 20 #g./ml. actinomycin minus the incorporation in the presence of 2o #g./ml. actinomycin + Io #g./ml. dextran sulphate is plotted against the time after infection. Cytoplasm was prepared from cells harvested 5 hr after infection or from uninfected cells. Incubation for different lengths of time was performed at 37 °. Cyt-I : I = the cytoplasm of infected cells was mixed I : x with tris buffer (0"05 molar, pH 8.I) before it was added to the incubation mixture. Cyt-Co-I : I ---the cytoplasm of infected cells was mixed i : i with cytoplasm of uninfected cells. Ribonucleic acid nucleotidyl transferase I33 actinomycin inhibits influenza virus multiplication in vivo, in another set of experiments with the nuclear fractions actinomycin was omitted. Thus to one set of samples no inhibitor was added, in the other set Io #g./ml. dextran sulphate was present in order to inhibit only the virus-induced RNA polymerase. If the ratio of radioactivity in the nuclear fraction to radioactivity in the nuclear fraction to which io/zg./ml. dextran sulphate had been added is plotted against hr after infection, the shape of the curve is similar to that described in section i. This estimate of RNA-dependent RNA polymerase is rather crude, especially at low enzyme concentrations. Nevertheless, it could be shown that the enzyme was already present in the nuclear fraction 2 hr after infection. The appearance of the enzyme after infection was compared with other viral activities. When the 9 hr value was taken as IOO % (Fig. 5a) , the viral neuraminidase and viral haemagglutinin, which are components of the viral envelope and which appear simultaneously, were detected about ~½ hr later than the RNA polymerase. The viral inner component, the RNP-antigen, had already reached its maximal value 5 hr after infection, which is probably an expression of an equilibrium between synthesis and incorporation into mature virus particles. Thus, when the 5 hr value was taken as ioo % (Fig. 5 b) the enzyme was seen to have formed somewhat sooner than the RNP-antigen. 
Inhibition of the production of the RNA polymerase in vivo
The polymerase activity decreased with increasing amounts of p-fluorophenylalanine (FPA). The production of the other viral activities, which are synthesized only when functional polymerase is present, is somewhat more sensitive to the action of I34 C. SCHOLTISSEK AND R. ROTT FPA. If FPA was added at different times after infection and the cells were harvested 6 hr after infection, the results shown in Fig. 6 were obtained. In spite of the fact that 3oo/zg./ml. FPA added immediately after infection completely inhibited enzyme formation, it inhibited only partially when added later than I hr after infection. The same was found for actidione. Ten/zg./ml. actidione inhibited the incorporation of labelled leucine to about 95% in this system (unpublished results). The results in Fig. 6 could mean that if some enzyme is already present at the time of addition of the protein inhibitors, viral RNA synthesis proceeds at a certain rate providing many additional templates for enzyme synthesis. Thus if the protein inhibition is not complete, the enzyme production will be greater than would be expected from the extent of protein inhibition. Small doses of actinomycin added immediately after infection inhibited the production of virus-induced RNA polymerase (Table 3) , which is in agreement with the data presented by Ho & Walters (1966) . However, when the antibiotic was added 1¼ or 2 hr after infection, enzymic activity increased considerably at least up to 6 hr after infection (Table 3) , in spite of the fact that under these conditions 6 hr after infection On: Sat, 03 Aug 2019 13:34:00
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in vivo the incorporation of labelled guanosine into RNA was less than 1% of nontreated controls. (Without actinomycin up to 20% of the newly synthesized RNA at this time is viral RNA (Scholtissek & Rott, I96I ; Scholtissek et al. I962) .) It has been reported earlier (Rottet al. I965) that the capacity to synthesize viral RNA (characterized by sucrose gradient centrifugation and base composition) is slowly lost if acfinomycin is added 2 hr after infection to chick fibroblasts infected with fowl plague virus. Pons (I967) also observed a disappearance of influenza virus-induced doublestranded RNA when actinomycin was added I2 x hr after infection.
DISCUSSION
Influenza viruses are able to multiply in the presence of inhibitors of DNA synthesis. Substances which interfere with the function of DNA, however, prevent multiplication of these viruses. It has therefore been concluded that cellular DNA may play an essential role in influenza virus multiplication (Barry et al. I962) . This idea was strengthened by a recent report (Borland & Mahy, I968) Ho & Waiters (I966) , who demonstrated such an enzyme in the microsomal fraction of chorioallantoic membranes infected with another influenza virus. Although the synthesis of this enzyme can be prevented by actinomycin, its activity is only slightly inhibited by this antibiotic or by proftavine in vitro (Table I ). The enzyme is not present in uninfected cells and it is the first demonstrable virus-specific product after infection (Fig. 5) . Although its activity when tested in vitro increases steadily after infection, the rate of its appearance (Fig. 4) parallels that of viral RNA synthesis (Scholtissek & Rott, I96I) . This suggests that the enzyme acts only once or a few times and then becomes inactive in vivo. This interpretation is supported by the observation that one can obtain a situation--using actinomycin--in which the enzyme is present in the cell and demonstrable in vitro, but does not produce any RNA in vivo (Table 3 )-The presence of the enzyme somewhere in the cell is by itself not sufficient for viral RNA synthesis. An additional requirement must play an important role. A shift of the enzyme or the enzyme-template complex from one compartment of the cell to another could be one of the possible requirements.
Since in the presence of substances which interfere with the synthesis of active enzyme (FPA or actidione) a considerable amount of RNA polymerase is still being formed (Fig. 6) , the problem of the stability of the early protein (Scholtissek & Rott, I96I ) must be reconsidered.
The enzyme's activity can be stimulated by unrelated RNA. Since after partial removal of the template by RNase the enzyme's activity cannot be restored by either unrelated or fowl plague virus RNA, it is unlikely that it uses the external RNA as template. The stimulating effect of the RNA might be a competition with an internal RNase. Studies on the nature of the RNA synthesized in vitro are in progress.
The cellular DNA-dependent RNA polymerase can be inhibited by actinomycin, but not by dextran sulphate. In contrast, the virus-induced enzyme shows the opposite characteristic. Therefore one has a powerful tool for studying both enzymes in the same cell fraction. Since the corresponding enzyme induced by infection with Newcastle disease virus is stable against the action of polyanions (Scholtissek & Rott, in preparation) there exists one further marked difference between influenza and para-influenza viruses, which belong both to the myxoviruses.
